Summary. Conditions have been defined under which the sperm binding capacity of the mouse zona pellucida can be measured. As a measure of the concentration of anti-zona antibodies the inhibition of sperm binding appears to be both repeatable and sensitive. Using this technique anti-zona antibody titres were monitored in 6 rats actively immunized with extracts of mouse ovarian tissue. These animals exhibited a rapid rise in anti-zona antibody titre following the induction of immunity, and an associated significant (P < 0\m=.\05) decline in their fertility, both in relation to the proportions of animals exhibiting fertile matings and of matings resulting in conception. Three of the animals exhibited permanent sterility despite repeated exposure to fertile males.
Introduction
The binding of spermatozoa to the zona pellucida during the initial stages of fertilization is thought to be mediated by specific receptor sites on the sperm plasma membrane and on the zona surface (reviews by Gwatkin, 1977; Aitken & Richardson, 1980) . Little is known about the nature of these receptor sites, although in the hamster the receptor-for-spermatozoa in the zona pellucida has been shown to be sensitive to trypsin, chymotrypsin and the trypsin-like acrosin preparations from hamster, ram and boar spermatozoa (Hartmann & Gwatkin, 1971;  Gwatkin, Wudi, Hartree & Fink, 1977b; Gwatkin, 1977) . In the mouse a protein (ZP3) with a molecular weight of about 83 000 has been isolated from solubilized zona preparations and exhibits properties consistent with a sperm receptor (Bleil & Wassarman, 1980a) . These putative zona receptors are thought to play a role in the physiological block to polyspermy; the dehiscence of cortical granules from the surface of hamster, rat or mouse oocytes induces a post-penetration change in the affinity of the zona pellucida for spermatozoa by a reduction in the number or availability of sperm receptor sites (Austin & Braden, 1956; Inoue & Wolf, 1975;  Gwatkin, 1977; Aitken & Richardson, 1980) .
The binding of spermatozoa to sperm receptors in the zona pellucida can also be inhibited in vivo and in vitro by non-physiological means, as when unfertilized hamster (Shivers, Dudkiewicz, Franklin & Fussell, 1972; Oikawa & Yanagimachi, 1975) , mouse (Jilek & Pavlok, 1975; Tsunoda & Chang, 1976a , 1977 or rat (Tsunoda & Chang, 1976b) eggs are exposed to antibodies to the zona pellucida. This observation led to the suggestion that the zona pellucida might be a suitable target for an immunological approach to contraception.
To study the influence of anti-zona antibodies, cortical granule exudates and enzymes on the binding capacity of the zona pellucida can be measured. This study set out to define such conditions, and, in addition, to examine the feasibility of using the inhibition of sperm binding to the zona pellucida as a criterion for estimating anti-zona antibody titres in animals actively immunized with heterologous ovarian extracts.
Materials and Methods
Preparation ofgametes Oocytes were obtained by inducing female mice of the random-bred Q strain to superovulate in response to 5 i.u. PMSG (Folligon or Gestyl: Organon) followed 48 h later by 5 i.u. hCG (Chorulon or Pregnyl: Organon). The cumulus masses were recovered from the tubai ampullae 15-18 h after hCG administration and released into glutamine-free Hepes-buffered medium 199 (Flow Laboratories, Irvine, U.K.) supplemented with 0-003% pyruvate, 0-3% BSA and 100 pg gentomycin (Flow Laboratories)/ml (Gwatkin, 1977 ). The cumulus cells were then dispersed by exposing the eggs to 0-1% hyaluronidase (Sigma). The eggs were then washed 3 times in the above medium and maintained at 37°C for the remainder of the experiment.
Epididymides were removed from 10-14-week-old mice of the random-bred Q strain and the caudae were cut into 3 or 4 segments to release spermatozoa into supplemented Hepes-buffered medium 199, maintained at 37°C. After 5 min the epididymal segments were removed and a sample of the sperm suspension was diluted 1 in 20 with sperm immobilization fluid (5% NaHC03 in 1% formalin) before counting in an improved Neubauer haemocytometer. The spermatozoa were subsequently diluted to a concentration of 2 IO6 and incubated for 1 h at 37°C before the addition of cumulus-free ova.
Sperm binding assay
For the sperm binding assay, 6 20-ul droplets of the sperm suspension were dispensed into sterile Petri dishes (Falcon), covered with paraffin oil and maintained at 37°C. In an initial experiment cumulus-free ova were transferred to the sperm suspensions (1-3 eggs per drop) and incubated for 10-120 min. Eggs were removed at various times and taken through 3 successive washes in Hepes-buffered supplemented medium 199, as recommended by Hartmann, Gwatkin & Hutchison (1972) Fig. 1 ). The number of spermatozoa associating with the zona surface increased rapidly over the first 30 min and then remained constant for the next 30 min before exhibiting a sudden decline about 65 min after the addition of cumulus-free ova to the sperm suspension (Text- fig. 1 ). All subsequent determinations of the sperm binding capacity of the zona pellucida were therefore carried out 50 min after exposure of the eggs to spermatozoa.
Immunoprecipitation and immunofluorescence technique
Cumulus-free mouse ova were incubated in 20-pl droplets of antiserum (see below) under paraffin oil for 30 min at 37°C, and then washed 4 times in medium 199, allowing at least 5 min in each of the last two washes. The eggs were then examined under dark-field illumination for the presence of a precipitation layer on the outer surface of the zona pellucida (PI. 1, Fig. 2 mM-adenosine-5-triphosphate in 0-9% (w/v) NaCl (Brun & Psychoyos, 1972 
Absorption procedures
The antisera raised against mouse ovarian antigens and cumulus-free mouse ova were absorbed with mouse liver, kidney and serum antigens (Tsunoda & Chang, 1978) according to the following protocol. Equivalent weights (8 g) of mouse liver and kidney were separately homogenized at 0°C in 4 ml of mouse serum diluted 1:3. The homogenates were then centrifuged at 600 g, and the protein content of the supernatant determined by the method of Lowry et al. (1951) . The protein concentration was subsequently adjusted to 15 mg/ml and 70 pi aliquots were transferred to 50 6 mm test tubes and freeze-dried. To absorb the antisera, 500 ul aliquots of serum were added to the freeze-dried antigen mixture and incubated for 1 h at 37°C followed by a further 14 h at 10°C. After the incubations had been completed the tubes were centrifuged at 600 g for 10 min, and the supernatant recovered for analysis by radial immunodiffusion.
Immunodiffusion plates were constructed using a 1 · 3% solution of agarose in (Dulbecco's) phosphate-buffered saline (pH 7-2), into which wells with a capacity of about 20 d were cut. Samples of absorbed anti-zona antiserum, normal mouse serum, and aqueous extracts of liver or kidney (homogenized in Dulbecco's phosphate-buffered saline, 1 g tissue:3 ml medium) were added to each well and the plates developed in a moist chamber at 37°C for 72 h. The gels were PLATE 1 Fig. 1 subsequently washed for a further 72 h in 0-9% (w/v) NaCl, stained with Coomassie blue (0-9%) and naphthalene black (0-1%) in 7% acetic acid for 1-2 min and finally de-stained over a period of 3-4 days in 7% acetic acid. The absorption procedure was repeated on each antiserum until no lines of cross-reactivity were observed with liver, kidney or serum antigens.
Results

Sperm binding capacity of the zona pellucida
Repeatability of determinations. The sperm binding capacity of the zonae pellucidae surrounding unfertilized mouse eggs was determined in 20 separate experiments using [8] [9] [10] [11] oocytes in each. The within-assay coefficient of variation for these determinations ranged from 6 to 12%, with a mean (± s.e.m.) value of 9-5 ± 0-42%; the standard errors for each determination ranged from 2-4 to 4-1% of the means. The between-assay variation was much larger, however, exhibiting a coefficient of variation of 20-8% and a range of values (± s.e.m.) extending from 2750 ± 95 to 5286 ±141 spermatozoa/mm2 of zona surface. This interassay variation was presumably due to slight differences in the assay conditions and the fact that each determination was carried out using spermatozoa from a separate individual. Within-assay controls of untreated, unfertilized eggs were always included in each determination and any inhibition due to, for example, antibody or enzyme treatment was expressed as a percentage of this control.
Influence of complement and antibodies against mouse serum proteins. Antisera raised against mouse serum proteins did not induce the formation of an immunoprecipitate on the zona surface (PI. 2, Fig. 4 ) but occasionally caused a diffuse immunofluorescent labelling of the zona, which was readily removed by prior absorption of the antiserum. Absorption of such antisera also modified their effects on the sperm binding capacity of the zona pellucida. The number of spermatozoa bound per mm2 zona surface increased significantly (P < 0-05; t test) from a mean ± s.e.m. (ri) of 3396 ± 109 (8) to 3900 ± 174 (7) following absorption of an antiserum raised against mouse serum proteins. AH antisera raised against mouse ovarian antigens and cumulus-free mouse ova were therefore repeatedly absorbed (normally twice) before deter¬ mination of their ability to suppress the sperm binding capacity of the zona pellucida.
To determine whether the presence of uncomplexed immuno-absorbent could interfere with the sperm binding assay a further series of 15 separate serum samples from the 6 serum-immunized animals was investigated. Following absorption (twice) of each antiserum with liver, kidney and serum antigens a mean (±s.e.m.) inhibition of 6-2 ± 2-0% relative to untreated unfertilized control ova was observed. Fig. 2 ; Table 2 ). (Table 3) . (Text-fig. 2 ). The slopes of the separate dilution curves were parallel and linear over a range extending from at least 20 to 80% inhibition of binding. The suppressive activity exhibited by these antisera was rapidly diluted out and irrespective of whether these results were expressed as % inhibition of binding (Text- fig. 2a) Fig. 4 ), immunofluorescence and sperm binding techniques. (Text-fig. 4b ). Rat 65 exhibited a short-lived rapid rise in titre to 96% inhibition of binding, following the first antigen booster and a second rise to 83% binding inhibition following the final injection. Antibody titres then progressively declined to reach basal levels 5 months after the completion of the immunization schedule. During the subsequent 6 months antibody titres remained low, between 9 and 25% inhibition of binding, but the antifertility effect was retained (Text- fig. 4c ). Rat 47 was killed 9 days after mating had taken place when antibody titres had risen to 85% inhibition of binding, and immunofluorescence and immunoprecipitation were maximal. Histological examination revealed that although ovulation had occurred and apparently normal corpora lutea were present in the ovaries there was no evidence of embryos in the uterus.
Rats 44 and 66 which became pregnant after the anti-zona antibody titres had waned were subsequently given a booster injection of 6 mg ovarian protein emulsified with Freund's incomplete adjuvant. The animals were subsequently bled at weekly intervals and, 14 days after the booster injection, were paired with fertile males and killed 48 h after finding spermatozoa in the vaginal smears to determine whether fertilization had occurred. One of the serum-immunized animals (No. 52) was similarly given a booster injection of 8 mg mouse serum protein emulsified with Freund's incomplete adjuvant and subsequently killed, together with an untreated control female, 24 h after mating. In the untreated-control and serum-immunized animals 12/12 and 6/7 of the eggs recovered were fertilized, respectively, and no circulating anti-zona antibodies could be detected by the immunofluorescence, immunoprecipitation and sperm-binding tests. In addition none of the eggs recovered from these animals exhibited a precipitate on the outer zona surface when examined under dark field illumination. In Rat 44, however, there was a sudden rise in anti-zona antibody titre to give 50% inhibition in the sperm binding test (see of Aitken et ai, 1981) . AU of the 13 eggs recovered possessed a pronounced precipitate on the surface of the zona pellucida and, with one exception, all were unfertilized and fragmenting. The exception was an apparently normal 2-cell egg which nevertheless exhibited a pronounced zona precipitate under dark-field illumination. Rat 66 exhibited a rapid rise in antibody titre to a peak of 63% binding inhibition and an equally precipitous decline (Text- fig. 4a ). When mating took place the titre had fallen to 9% binding inhibition and 8 out of 10 eggs recovered had been fertilized; all of the eggs recovered had a light precipitate at the zona surface.
During the course of these experiments, the fertility of the males used in the study was continuously monitored. The males paired with the 3 animals experiencing long-term infertility (Nos 71, 34 and 65) impregnated 11, 10 and 11 control females, respectively, over the same period and each of these females conceived at the first mating. (Bleil & Wassarman, 1980a) , the interactions between the ovum and the zona pellucida during the post-fertilization block to polyspermy (Inoue & Wolf, 1975) , and in the estimation of anti-zona antibody titres. The loss of binding activity exhibited by the zonae of unfertilized mouse eggs after exposure to spermatozoa for 60 min emphasizes the need to carry out such determinations under carefully controlled conditions. This reduced binding may be due to the destruction of sperm receptor sites by acrosin originating from acrosome-reacted spermatozoa (Gwatkin et ai, 1977b (Sacco & Shivers, 1973; Oikawa & Yanagimachi, 1975) and the existence of extensive cross-reactivity between rat and mouse zona pellucida antigens (Aitken & Richardson, 1980) presumably accounts for the induction of infertility in this active immunization model. The mechanism by which infertility is achieved is probably through the deposition of antibody complexes at the zona surface and the subsequent occlusion of the sperm binding sites. This hypothesis is supported by the presence of a precipitate on the zona surface of ova recovered from actively immunized rats but not the appropriate controls. The extent of this precipitate appeared to correlate well with the degree to which fertilization had been inhibited and the inhibitory activity of the blood serum in the sperm binding assay. One of the eggs recovered from Rat 44 was an apparently normal 2-cell embryo despite the presence of a precipitate at the zona surface. While parthenogenetic activation of this egg cannot be ruled out, this result, in conjunction with the information" obtained from Rat 66 (which conceived a litter of 4 young in the presence of significant antibody titres), indicates that the complete suppression of fertility requires the presence of high antibody titres. This conclusion is in keeping with the inefficient mechanism of action of anti-zona antibodies which appears to involve the masking of receptors-for-spermatozoa by steric hindrance rather than direct interaction with the binding sites . With the exception of Rat 66 the fertility of the remaining animals was suppressed during the first 6 months of the mating trial by antibody titres ranging from 5 to 90% inhibition of sperm binding. The only animal in which antibody titres fell to 0% binding inhibition during this initial period immediately conceived (Rat 44). Beyond this 6-month period the infertility effect was sustained even when antibody titres did fall to levels at which no sperm binding inhibition was observed. At this stage of reproductive life the presence of low anti-zona antibody titres in the immunized animals, together with a natural decline in fertility due to ageing and a corresponding reduction in mating frequency, would presumably have enhanced the suppression of fertility.
The variation in antibody titres between the immunized animals might be due to differences in the immunological responsiveness of the animds and to variations in the amount of zona antigen contained within each preparation of mouse ovarian extract. Although the immunizing injections were equalized with respect to total protein content it was not possible to determine the proportion of this figure made up of zona material.
An unexpected finding during the course of the study was the elevation in antibody titre observed after parturition in the 2 animals exhibiting a temporary period of infertility. The fact that this rise was recorded by the sperm binding assay but not by the immunofluorescence technique is presumably due to the fact that the former is a more sensitive, quantitative assay. It is possible that these post-partum changes in antibody titre reflect the release of the maternal immune system from a>state of suppression during pregnancy (Morton, Hegh & Clunie, 1974) .
These studies confirm earlier reports by Gwatkin, Williams & Carlo (1977a) that infertility without overt adverse side effects can be induced by active immunization techniques involving the use of heterologous cross-reacting zona antigens, and indicate for the first time that permanent sterility can result from such procedures. The future of this research now lies in the fractionation and biochemical characterization of the zona pellucida antigens (Dunbar, Wardrip & Hedrick, 1980; Dunbar & Raynor, 1980; Bleil & Wassarman, 1980b) and the evaluation of
